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Abstract 
Supported Ionic Liquid Membranes (SILMs) have found wide applications in gas separation 
and purification, especially for CO2 capture. In this study, a molecular level approach was 
investigated in order to analyze various types of ILs for use in SILMs and consequently 
evaluation of membranes performance using quantum molecular chemical modeling and 
calculations. Relationships were developed for the permeability and selectivity of SILMs and 
then validated using collected experimental data of relevant gas pairs in separation applications. 
To calculate the concentration of gas in various ILs and diffusivity calculations, a COSMO-
based activity coefficient model and the mean square displacement determined using some 
quantum mechanics simulations were used respectively, and were then validated using 
collected experimental data to ensure consistency of model. In order to compare and evaluate 
the model performance, the accumulative absolute relative deviation (AARD (%)) was used. 
The presented approach gives accurate, pure predictive, extendable and reproducible method 
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for estimations of SILMs performance. To reduce experimental costs, obtain initial estimate of 
membrane separation performance, select raw materials for membrane fabrication, the 
presented method is highly recommended to be used. 
Keywords: Supported ionic liquid membranes; Quantum molecular calculations; 
Thermodynamic modeling; CO2 facilitated transport; COSMO theory 
 
1. Introduction 
Membrane-based separation technologies have found wide applications for capture and 
purification of CO2 [1-3]. Various types of membrane separation processes have been 
investigated for separation of gas and liquid mixture including CO2 capture, SO2 removal, 
natural gas dehydration, and water/wastewater treatment [4-14]. Among various membrane 
types, liquid membranes have attracted attention recently due to their superior properties in gas 
separation. In general, there are different types of liquid membranes such as supported liquid 
membranes (SLM), bulk liquid membranes (BLM), and emulsion liquid membranes (ELM) 
[15].  
Among different liquid membrane technologies, Supported Ionic Liquid Membranes (SILMs) 
have found wide applications [16-18]. Various types of ILs have been used in SILMs [17-20], 
especially for CO2 separation, and continuously new reports are being published due to 
development of novel synthesized materials. In SILMs, the ability of various ILs to dissolve 
CO2, which is a thermodynamic property of system, is a critical factor. Noting that membrane 
permeability and selectivity tests are commonly performed for pure compounds of gas A and 
gas B for separation of A/B gas pairs, therefore, determination of CO2 solubility in ILs is of 
great importance [21, 22].  A schematic of supported ionic liquid membrane (SILM) is shown 
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in Fig..  In supported liquid membranes, membrane pores are used as support for mass transfer 
of species from one side to other side. CO2 molecules form the bulk of gas phase are transferred 
to the membrane/feed interface, and at the interface CO2 molecules are dissolved in the ionic 
liquid filled the membrane pores. CO2 molecules are then transferred through the membrane 
pores by the aid of IL. 
 
Fig. 1. Schematic of a supported ionic liquid membrane (SILM). 
Gas permeability through the SILM (P) can be related to setup design and specifications 
according to Eq. 1 [23]: 
0 01 1ln ln
feed perm
feed perm
p p p t
P
pp p  
                
 1 
Here, pfeed and pperm are the pressure in the feed and permeate compartments respectively. 
Subscript 0 shows the initial applied pressure over the membrane. t is the time and δ is the 
membrane thickness. β is a geometric parameter (generally 1188.9 m-1) given by Eq. 2 [24].  
1 1 1
feed permA V V

 
  
  
 2 
Here, A is the membrane area. Vfeed and Vperm are the volumes in the feed and permeate 
compartments respectively.  
Selectivity (αA/B) of membrane to penetrants A and B can be obtained as given in Eq. 3 [25, 26].  
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Here, Pi is permeability of membrane to gas “i" given in Eq. 4 [27, 28]. 
i i iP S D   4 
In Eq. 4, Si is the solubility coefficient (in moles per volume per partial pressure i.e. iS = ic p
) at the gas/SILM interface and Di is the diffusivity. 
An overview of current literature shows that the majority of previous studies have been 
experimentally carried out and no prior theoretical assessment and feasibility examination has 
been carried out for prediction of performance of SILMs [29]. The redundant costs associated 
with material synthesis, equipment design and maintenance, experimental analyses and etc. can 
be eliminated provided that fundamental approach is established and successfully followed 
[30-32]. Our previous studies have shown that mechanistic models can provide a great tool for 
prediction and optimization of processes [33-38]. Thus, this study investigates a theoretical 
approach toward analysis of various types of ILs for their use in SILMs and the performance 
evaluation using quantum molecular chemical modeling and calculations. 
2. Outline of simulations 
The diffusivity can be investigated by performing some molecular dynamics (MD) simulations 
to determine the mean square displacement (MSD) of the gas in the considered material [39]. 
For MSD, typically two regions are expected namely short-time scales and longer time scales 
[40]. In short-time scales, the MSD levels off to a constant as the gas molecule collides inside 
a small pocket of free volume where it would be confined in it. The molecules start to jump out 
of the confined area to another pocket of free volume on a longer time scale. The diffusion is a 
result of motion of this repeated jumps. MSD is defined as    
2
0MSD r t r     where ri 
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denotes the position vector of atom α [39]. The angular bracket, , indicates that averaging 
must be performed over all choices of time origin within a dynamics trajectory. Such averaging 
is already implemented in the Forcite module of BIOVIA Material Studio software package 
[40] which is used in this work. 
The diffusion coefficient, D, is related to MSD as defined in Eq. 5 [39] where Nα is the number 
of diffusive atoms in the system. 
   
2
1
1
lim 0
N
i i
t
i
d
D r t r
N dt




     5 
The results of Forcite module of BIOVIA Material Studio [40] are needed to be fitted to a 
straight line (say y=a×x+b), then the slope “a” can be used for calculation of diffusivity as 
6D a  [39, 40] which is in unit of A°2/ps (square of Angstrom per Pico second) and can be 
converted to cm2/s unit by multiplying it by 10-4. 
For application of this method, a number of steps must be followed. First the chemical structure 
of considered compounds must be inserted and being drawn as 3D atomistic documents in 
BIOVIA Material Studio [40]. Then, these structures needed to be geometrically optimized. 
For this purpose, Forcite module was used. Then, using Amorphous Cell module, various 
structures with different compositions of gas and ILs should be created. As it is possible that 
the molecules being unequally distributed throughout the created cell, the cells need to be 
relaxed. For this, an energy minimization is followed by a short NPT (constant number of 
molecules, pressure and temperature) ensemble molecular dynamics simulation with a 
periodically changing temperature known as annealing the system to equilibrate the cell for 
each applied pressure which is performed by using Forcite module. To calculate the mean 
square displacement of the gas molecules in the cell, another molecular dynamics simulation 
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at constant energy (NVE) ensemble should be performed. The MSD data then can be used for 
calculation of diffusivity as mentioned. 
The dissolved amount of gas in IL at the gas/IL interface ( ic  - in moles per volume) can be 
obtained from the calculated gas solubility (xi) using i ic x
M

  [41] where M denotes 
molecular weight ( i iM x M ) and ρ is density ( i  ). The gas solubility (xi) can be 
calculated following the local equilibrium at the interface of the IL phase and the feed gas phase 
which requires that the fugacity of gas compounds in two phases be equal [42, 43] as presented 
by Eq. 6: 
ˆ ˆIL G
i if f  6 
where superscripts IL and G refers to ionic liquid and feed gas phases respectively and subscript 
i refers to gas compound “i" [42, 43].  
The fugacity of gas compound “i" in each phase can be related to activity coefficient,   using 
0ˆ
i i i if x f  [42, 43]. Thus, Eq. 6 can be simplified as in Eq. 7 [42]: 
IL G
i i i ix y   7 
Here ix  and iy  indicates the gas compound “i" compositions in IL and gas phases respectively. 
IL
i  and 
G
i indicate activity coefficient of compound “i" in IL and gas phases respectively. 
Eq. 7, in conjunction with compounds balances ( 1ix   and 1iy  ) are the key equations 
that would be used for calculation of gas solubilities from a feed stream of mixed gas pairs. For 
pure gas phase, i.e. 1iy  , Eq. 7 reads Eq. 8: 
1
i IL
i
x

  8 
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For calculation of activity coefficient, there is a wide variety of models in literature [44]. Many 
of these thermodynamic models and theories require fitting a number of adjustable parameters 
that reduce their applicability and cast doubt on their predictive ability [45-48]. The COSMO-
based models are outstanding alternative to these models, by which a predictive description of 
many industrial processes can be carried out [49-51]. For the present work, a COSMO-based 
model was employed for calculation of activity coefficients [52]. In the COSMO-SAC model, 
the activity coefficient can be defined as the result of both two contributions of combinatorial 
term (accounts for the non-ideality resulting from the repulsive interactions between species 
owing to different size and shape of molecule) and residual term (accounts for the non-ideality 
of fluid due to differences in  the  attractive interactions between  molecules through surface 
contacts) as given in Eq. 9 [53, 54]: 
ln ln lnCOSMO SAC res combi i i  
    9 
The ln resi  and ln
comb
i  terms are given as in Eq. 10 and Eq. 11 respectively where 
i i i j ji
x q x q   , i i i j jix r x r   ,    2 1i i i il z r q r     and 10z   [53, 54]. 
     
, ,
ln ln ln
m
nhb OH OT
res t t t t t t
i i i m S m i m
t
n p

           10 
ln ln ln
2
comb i i i
i i i i j
ji i i
z
q l x l
x x
  


      
11 
Here, ix is mole fraction, ir  and iq  are the normalized volume ( i ir V r ) and surface area (
i iq A q ) parameters where iA  and iV  are the cavity surface area and cavity volume 
respectively that can be obtained from the COSMO calculations [53, 54]. 
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In this COSMO-based model, a solution is considered as a mixture of interacting surface 
segments having certain screening charge density (σ) for which the corresponding segment 
activity coefficient (  t tj m ) is given by Eq. 12 [53, 54]: 
       
, ,
ln ln exp , ln
n
nhb OH OT
t t s s t s s s
j m j n m n j n
s
p W kT

    
          
  
   12 
In Eq. 12, the subscript j indicates the solution of interest where j=S  for the mixture and j=i for 
pure liquid i [53, 54].  ,t sm nW    shows the misfit energy that measures the energy of 
interaction between two surface segments and is given by Eq. 13 [53, 54]: 
      
2 2
, ,t s t s t s t sm n ES m n hb m n m nW c c             13 
In Eq. 13, ESc  shows the electrostatic interaction parameter defined as 
2
ES ES ESc A B T  in 
which ESA  and ESB are universal constants, respectively 6525.69 kcal/mol A
4/e2 and 
1.4859×108 kcal/mol A4/e2K2 [53, 54]. hbc  accounts for the hydrogen bonding interaction and 
given by Eq. 14: 
 
  and 0        
  and 0         
,
 ,  ,  and 0
0                                      
t s
OH OH m n
t s
t s OT OT m n
hb m n t s
OH OT m n
c if s t OH
c if s t OT
c
c if s OH t OT
otherwise
 
 
 
 



   

  
 
  


 14 
In Eq. 12,  s sj np   accounts for the surface charge distribution with a different surface types t 
and a screening charge density (
s
n ) referred as σ-profile. The σ-profile for a mixture is the 
mole fraction weighted sum of the σ-profiles of all the components [53, 54] defined as given in 
Eqs. 15 and 16. 
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 
 t ti mt t
i m
i
A
p
A

   15 
 
 t ti i i mt t i
s m
i ii
x A p
p
x A

 


 16 
The BIOVIA Material Studio [40] software package was employed for the required quantum 
and molecular modeling and chemical calculations. The geometry optimization of compound 
molecules was done using the Dmol3 Module with the use of density functional theory of 
generalized gradient approximate (GGA) with Volsko-Wilk-Nusair functional (VWN) and 
v.4.0.0 basis of double numerical basis including d-polarization function (DND) level of theory 
was implemented as recommended in [52]. The same setting was used for energy optimization 
as recommended in [49, 50]. The obtained “. cosmo” file was then used for activity calculations 
using a customized MATLAB scripts. To evaluate the developed model reliability in prediction 
of SILMs’ performance, a number of experimental data were collected from literature and used 
for comparison of calculation results as illustrated in following section.  
3. Materials     
Prior to the application of the theoretical method developed in previous sections for SILMs 
performance evaluation i.e. permeability and selectivity, first the ability and reliability of 
methods in prediction of gas solubility and diffusivity in a number of ILs was examined to 
ensure the consistency of calculations. CO2 and H2S are of the most studied gases for separation 
and removal from flare gas streams [55]. More than 2000 solubility and diffusivity data of CO2 
and H2S in 30 ILs were collected from literature including 1-2-hydroxy-ethyl-3-methyl-
imidazolium-tetra-fluoro-borate [56], 1-bis-2- hydroxy-ethyl-ammonium-acetate [57], 1-butyl-
1-methyl-pyrrolidinium-bis-tri-fluoro-methyl-sulfonyl-imide [58, 59], 1-butyl-1-methyl-
pyrrolidinium-methyl-sulfate [59], 1-butyl-1-methyl-pyrrolidinium-tri-fluoro-methane-
sulfonate [60], 1-butyl-3-methyl-imidazolium-1-1-2-2-tetra-fluoro-ethane-sulfonate [61], 1-
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butyl-3-methyl-imidazolium-acetate [61, 62], 1-butyl-3-methyl-imidazolium-bis-tri-fluoro-
methyl-sulfonyl-imide [58, 63, 64], 1-butyl-3-methyl-imidazolium-dicyanamide [65], 1-butyl-
3-methyl-imidazolium-hexa-fluoro-phosphate [61, 66-72], 1-butyl-3-methyl-imidazolium-iso-
butyrate [61], 1-butyl-3-methyl-imidazolium-tetra-fluoro-borate [61, 67, 70, 73], 1-butyl-3-
methyl-imidazolium-tri-fluoro-acetate [61], 1-decyl-3-methyl-imidazolium-bis-tri-fluoro-
methyl-sulfonyl-imide [58, 74], 1-ethyl-3-methyl-imidazolium-acetate [61, 75], 1-ethyl-3-
methyl-imidazolium-bis-tri-fluoro-methyl-sulfonyl-imide [61, 74, 76], 1-ethyl-3-methyl-
imidazolium-hexa-fluoro-phosphate [71, 77], 1-hexyl-3-methyl-imidazolium-bis-tri-fluoro-
methyl-sulfonyl-imide [61, 74], 1-hexyl-3-methyl-imidazolium-hexa-fluoro-phosphate [71, 
78], 1-hexyl-3-methyl-imidazolium-tetra-fluoro-borate [73, 79], 1-hexyl-3-methyl-
imidazolium-tris-penta-fluoro-ethyl-tri-fluoro-phosphate [61], 1-n-butyl-3-methyl-
imidazolium-nitrate [66], 1-octyl-3-methyl-imidazolium-hexa-fluoro-phosphate [66, 80], 1-
octyl-3-methyl-imidazolium-tetra-fluoro-borate [66, 81], butyl-tri-methyl-ammonium-bis-tri-
fluoro-methyl-sulfonyl-imide [58, 82], ethyl-3-methyl-imidazolium-ethyl-sulfate [66, 83], 
methyl-tri-octyl-ammonium-bis-tri-fluoro-methyl-sulfonyl-imide [58], n-butyl-pyridinium-
tetra-fluoro-borate [66], tri-hexyl-tetra-decyl- phosphonium-chloride [58, 84] and tri-hexyl-
tetra-decyl-phosphonium-bis-tri-fluoro-methyl-sulfonyl-imide [58, 60, 84]. 
Then, the theoretical method developed in previous sections for SILMs performance evaluation 
(permeability and selectivity) is validated using experimental permeability and selectivity data 
of a number of gas pairs in gas separation applications using SILMs data collected from 
literature. The details of collected permeability and selectivity data of selected gas pairs and 
SILMs are listed in Table 1. 
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Table 1. Some gas separation applications of SILMs. 
No. Ionic liquid 
Gas pairs # 
 Name  CAS 
1 1-butyl-3-methyl-imidazolium-acetate [23] 284049-75-8 
CO2/N2 
10 
2 1-ethyl-3-methyl-imidazolium-acetate [23] 143314-17-4 10 
3 1-hexyl-3-methyl-imidazolium-bis-tri-fluoro-methane-sulfonyl-imide [85] 382150-50-7 CO2/He 5 
4 1-butyl-3-methyl-imidazolium-tetra-fluoro-borate [86] 174501-65-6 CO2/N2; 
CO2/H2; 
CO2/CH4; 
H2/N2;   
H2/CH4;  
CH4/N2 
6 
5 1-3-di-methyl-imidazolium-di-methyl-phosphate [86] 654058-04-5 6 
6 tri-hexyl-tetra-decyl-phosphonium-bromide [86] 654057-97-3 6 
7 tri-hexyl-tetra-decyl-phosphonium-decanoate [86] 465527-65-5 6 
8 tri-hexyl-tetra-decyl-phosphonium-bis-2-4-4-tri-methyl-pentyl-phosphinate [86]  465527-59-7 6 
9 tri-ethyl-sulfonium-bis-tri-fluoro-methyl-sulfonyl-imide [86] 321746-49-0 6 
10 1-butyl-3-methyl-imidazolium-di-cyanamide [24] 448245-52-1 CO2/H2;  
CO2/N2 
9 
11 1-butyl-3-methyl-imidazolium-acetate [24] 284049-75-8 9 
12 1-ethyl-3-methyl-imidazolium-tetra-fluoro-borate [87] 143314-16-3 
CO2/N2; 
CO2/CH4;  
O2/N2 
4 
13 1-ethyl-3-methyl-imidazolium-tri-fluoro-methane-sulfone [87] 145022-44-2 4 
14 1-ethyl-3-methyl-imidazolium-bis-tri-fluoro-methane-sulfonyl-imide [87] 174899-82-2 4 
15 1-hexyl-3-methyl-imidazolium-bis-tri-fluoro-methyl-sulfonyl-imide [87] 382150-50-7 4 
16 1-butyl-3-methyl-imidazolium-hexa-fluoro-phosphate [87] 174501-64-5 4 
17 tri-methyl-butyl-ammonium-bis-tri-fluoro-methyl-sulfonyl-imide [87] 258273-75-5 4 
18 tri-methyl-hexyl-ammonium-bis-tri-fluoro-methyl-sulfonyl-imide [87] 210230-43-6 4 
19 tri-ethyl-sulfonium-bis-tri-fluoro-methyl-sulfonyl-imide [87] 321746-49-0 4 
20 n-methyl-n-propyl-piperidinium-bis-tri-fluoro-methyl-sulfonyl-imide [87] 623580-02-9 4 
21 1-ethyl-3-methyl-imidazolium-di-cyanamide [87] 370865-89-7 
1-Butene/butane 
2 
22 tri-methyl-butyl-ammonium-bis-tri-fluoro-methyl-sulfonyl-imide [87] 258273-75-5 2 
23 tri-methyl-hexyl-ammonium-bis-tri-fluoro-methyl-sulfonyl-imide [87] 210230-43-6 2 
24 tri-ethyl-sulfonium-bis-tri-fluoro-methyl-sulfonyl-imide [87] 321746-49-0 2 
# number of data points  
 
In order to compare and analyze the model performance in prediction of gas separation, the 
Accumulative Absolute Relative Deviation (AARD (%)) was used as defined in Eq. 17 [88]: 
where, Exp
ix  and 
Cal
ix  respectively shows the experimental and calculated points and N denotes 
number of experimental data used for comparisons. 
4. Results and discussion 
The accuracy of simulation methods for diffusivity and solubility calculations are illustrated in 
terms of AARD (%) in Fig. 2. Noting to AARD (%) < 5, one may conclude that the methods 
1
100
(%)
Exp CalN
i i
Exp
i i
x x
AARD
N x

   17 
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are accurate and reliable in prediction of diffusivity and solubility of gases in ILs, so they can 
be used for membrane separation assessment and predictions. For gas pair separation 
applications listed in Table 1, the simulations and calculations were performed and 
permeability and selectivity were determined for each case as discussed in following section.  
 
Fig. 2. AARD (%) of solubility and diffusivity models averaged over data points.
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Table 2. Calculated and experimental gas permeability and selectivity at 30 °C. 
Ionic liquid  
CO2  O2 N2 CH4 CO2 /N2 CO2 /CH4 O2 /N2 
Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. 
1-ethyl-3-methyl-imidazolium-tetra-fluoro-borate [87] 968.5 973.9 32.1 31 21.8 23 43.7 45 44.5 46 22.2 23 1.5 1.48 
1-ethyl-3-methyl-imidazolium-tri-fluoro-methane-sulfone [87] 1171.4 1098 60.8 58 28.9 30 63.2 60 40.5 39 18.5 19 2.1 2.05 
1-ethyl-3-methyl-imidazolium-bis-tri-fluoro-methane-sulfonyl-imide [87] 1702.4 1719 143.5 145 73.6 70 139.2 140 23.1 25 12.2 11 1.9 1.81 
1-hexyl-3-methyl-imidazolium-bis-tri-fluoro-methyl-sulfonyl-imide [87] 1135.8 1200 121.6 115 73.9 69 134 135 15.4 16 8.5 9 1.6 1.57 
1-butyl-3-methyl-imidazolium-hexa-fluoro-phosphate [87] 544.3 539 36.2 40 21.2 20 40.8 38 25.6 27 13.3 15 1.7 1.71 
tri-methyl-butyl-ammonium-bis-tri-fluoro-methyl-sulfonyl-imide [87] 830.5 824 97.6 100.1 40.5 38 63.1 61 20.5 19 13.2 14 2.4 2.39 
tri-methyl-hexyl-ammonium-bis-tri-fluoro-methyl-sulfonyl-imide [87] 943.2 951 97 98.1 46.2 45 102.1 100 20.4 21 9.2 10 2.1 2.04 
tri-ethyl-sulfonium-bis-tri-fluoro-methyl-sulfonyl-imide [87] 1570.4 1562 122.8 120 63.5 60 116 110 24.7 23 13.5 12 1.9 1.89 
n-methyl-n-propyl-piperidinium-bis-tri-fluoro-methyl-sulfonyl-imide [87] 693.2 701 70.2 68.4 40.8 37 67.5 70 17 18 10.3 11 1.7 1.64 
Exp. = Experimentally collected data  
Cal. = Calculated using predictive approach  
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In Table 2, a comparison of calculated and experimentally collected separation data of SILMs 
for three gas pairs (CO2/N2, CO2/CH4 and O2/N2) is presented. The deviation between 
calculated data using presented predictive approach and collected data are small and lower than 
1.5% and the accuracy of predictions is significantly high because the method incorporates 
molecular level theories for property calculations and accurate and reliable quantum chemical 
equations are utilized by density functional theories for simulations. By such a general 
approach and having computational facility, a wide range of raw materials i.e. ionic liquids, 
gas samples, polymers and etc. can be screened for their use in gas separation by SILMs and 
even any other potential uses.  
A comparison of selectivity prediction is illustrated in Fig. 3 showing desirable and reliable 
accuracy of predictions. Molecular levels of interactions and intrinsic properties of materials 
can be well-described using quantum chemical calculations and molecular modeling methods. 
With relevant computational routine and computer programs, such simulations can be readily 
performed and results can be used for initial screening of raw materials for membranes 
fabrications and/or evaluation of membranes feasibility for nominated gas pairs separations.  
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Fig. 3. Comparisons of calculated and experimental gas selectivity data. 
5. Conclusions 
A pure predictive approach for estimation of gas separation performance of supported ionic 
liquid membranes (SILMs) was investigated. The approach employs quantum chemical 
calculations for determination of solubility and diffusivity. The model calculations were 
examined against a large number of experimentally collected data and desirable agreement 
were found. The procedure is reproducible and easily extendable to any system of interests. 
Considering the high accuracy of predictions and no need of prior data, the approach is highly 
recommended in future researches to evaluate the performance of liquid membranes. 
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Research Highlights 
 
 Developing comprehensive model for membrane-based removal of carbon dioxide 
 Comparison between model findings and measured data 
 Molecular modeling of ionic liquid membranes applicable to CO2 removal 
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